Objective: To test cumulative neonatal illness severity (IS) and IS fluctuation as predictors of progression from moderate to severe retinopathy of prematurity (ROP).
Introduction
Retinopathy of prematurity (ROP) is a common disorder of premature infants characterized by abnormal retinal vascular proliferation. Its incidence and severity are highest among infants born most prematurely, decreasing with advancing gestational age at birth. 1 While most cases regress with resumption of normal retinal development, ROP may progress to severe retinal vascular proliferation and subsequent visual compromise with or without retinal detachment. The mechanisms that determine whether ROP will resolve or progress are under active investigation. Refinement of risk models for identifying infants at greatest risk for progression to severe ROP may facilitate evaluation of experimental interventions and influence clinical management.
Published ROP risk models have seldom adjusted for variations in severity of hospital course using a standardized scoring method. However, clinical observations and studies of ROP risk factors indicate that critically ill premature infants are at increased risk for developing severe ROP.
2, 3 The strong associations reported between neonatal diagnoses or therapies and subsequent ROP suggest that severe illness, or an unstable fluctuating hospital course in general, are associated with risk for developing severe ROP. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Standardized illness severity (IS) measurements are widely used to account for variations in neonatal outcomes among hospitals. 15 The Score for Neonatal Acute Physiology (SNAP score) 16 on the first day of life appears associated with development of any ROP 17 and severe ROP. 18 Summation of serial illness severity scores, or cumulative illness severity, a measure of sustained exposure to physiological instability, was used in two studies of premature infants to account for differences in neurodevelopmental and cognitive outcomes. 19, 20 No study has explored the relationship between cumulative illness severity and development of severe ROP. Moreover, fluctuation of illness severity scores over time has not been explored as a possible risk factor for ROP. Cumulative illness severity and illness severity fluctuation, as events occurring over a period of weeks, may be helpful in assessing risk for subsequent progression of retinal disease.
This study tested the hypothesis that cumulative neonatal illness severity and fluctuation of illness severity, as measured with SNAP scores, are significant risk factors for subsequent progression of moderate ROP to severe ROP. The specific aims testing this hypothesis were (1) to evaluate the association of cumulative illness severity in the first 28 days of life with subsequent progression of moderate to severe ROP; (2) to evaluate the association of illness severity score fluctuations in the first 28 days of life with subsequent progression of moderate to severe ROP; and (3) to evaluate the improvement in the performance of a risk model for progression of moderate to severe ROP produced by inclusion of cumulative illness severity and illness severity fluctuation as risk factors.
Methods

Ethics
Institutional Review Board approval was obtained at all participating institutions.
Study population
This multicenter observational cohort study used existing prospectively collected databases supplemented with medical record review. Infants were included if they were admitted on the first day of life to any of four level III NICUs between 1 January 1995 and 31 December 2001, and subsequently were diagnosed with moderate or severe ROP. The four participating centers (The Floating Hospital for Children/Tufts-New England Medical Center, Beth Israel Deaconess Medical Center, Brigham and Women's Hospital, and The Children's Hospital) comprised the Boston Consortium of the Supplemental Therapeutic Oxygen for Prethreshold Retinopathy of Prematurity (STOP ROP) trial. 21 STOP ROP definitions of prethreshold and threshold ROP (Table 1) were used in the current study to identify moderate and severe ROP, as these definitions guided management of ROP at the participating hospitals during the study period.
Subjects were identified through a prospectively managed research database, which contained results of all eye examinations performed on all premature infants in the neonatal intensive care units at the four study hospitals. Ascertainment was verified with written logs. All subjects had sufficient medical documentation to calculate daily SNAP scores for the first 28 days of life. For multiple gestations, all siblings who developed prethreshold ROP were included. This study tested cumulative neonatal illness severity and illness severity fluctuation as predictors of subsequent ROP progression at the time of first prethreshold ROP diagnosis. Infants were therefore excluded if they progressed rapidly to threshold ROP without a preceding diagnosis of prethreshold.
One eye with prethreshold ROP per subject was selected for analysis. If prethreshold ROP initially developed unilaterally, the eye in which it was first diagnosed was included. When prethreshold ROP was present bilaterally, one eye was selected randomly for inclusion.
The primary outcome was development of threshold ROP using STOP ROP criteria. 21 Infants who received retinal ablation for rapidly progressive prethreshold ROP just short of threshold criteria were included in the threshold group. Threshold ROP was considered not to have developed if threshold ROP was not observed on any eye examination, and if prethreshold ROP regressed with (1) mature retinal vascularization; (2) extension of retinal vessels into zone 3; or (3) regression of prethreshold ROP to less than prethreshold on two consecutive examinations 1 week apart. Infants with prethreshold ROP who were lost to follow-up before reaching definitive outcome were assumed not to have developed threshold, but analyses were conducted with and without inclusion of these infants to test this assumption.
Data collection
Eye examination results were obtained from the database described above. Examinations were performed by experienced, STOP ROP-certified ophthalmologists using the International Classification of ROP guidelines. 22 These data were verified during medical record review. Infants discharged or transferred to other hospitals before final retinal outcome was reached were tracked by written log and telephone follow-up as part of data collection for the database, with eye examinations performed at outside hospitals or outpatient clinics obtained by facsimile. STOP ROP enrollment status and treatment group assignment, if any, were collected during record review and verified through examination of STOP ROP trial logs.
Medical record review and data entry were performed by research associates who used standardized data manuals and definitions and were trained by a single investigator. Research assistants were unaware of ophthalmic outcomes. For all subjects, data were collected regarding patient characteristics, perinatal and postnatal events, diagnoses, clinical management and illness severity. Data sufficient to calculate the SNAP score daily were collected for the first 28 days of each subject's hospitalization.
The physiology-based SNAP score is calculated from 34 biological parameters including vital signs and laboratory values; each parameter is assigned a point value based on the severity of its departure from physiological normal. 16 Cumulative SNAP score for the first 28 days of life (SNAP28) was calculated by addition of daily SNAP scores for each subject, using a modification of the method described by Mattia and deRegnier. 19 Thus, an infant with sequential daily scores of 20, 5, 17, 5 and 23 would have a 5-day cumulative score of 70. As described previously, 19 SNAP points for individual parameters were interpolated for up to 3 days where physiologically appropriate, if new values were not recorded. Thus, if the subject had a hematocrit meriting a daily SNAP score of 1 point on hospital day 20, was not transfused and no subsequent values were obtained, 1 SNAP point was assigned for hematocrit on hospital days 20, 21 and 22. This approach was used for hematocrit, serum sodium, potassium, calcium, ionized calcium, direct bilirubin and bicarbonate measurements, as well as for white blood cell and platelet counts and neutrophil immature/ total ratios.
Because not all components of the SNAP score are ascertained daily during routine clinical care, parameters (other than when interpolated as described above) were assumed to be normal if not evaluated by the infant's clinical caretakers. This approach is well validated with this method of illness severity scoring. 16 For days when no arterial blood gas was obtained for infants on mechanical ventilator, points were added to the daily SNAP score for maximum and minimum fraction of inspired oxygen (FiO 2 ), using the scales for these parameters in the Clinical Risk Index for Babies score. 23 For infants with no arterial blood gas who were not on mechanical ventilation, but were still on supplemental oxygen, one point was assigned for maximum FiO 2 greater than 0.7 and for minimum FiO 2 greater than 0.6.
Fluctuation of illness severity was quantified by summing the absolute value of changes in sequential daily SNAP scores. Statistics Subjects and eyes were described with respect to patient, clinical and ophthalmic characteristics. Infants or eyes with prethreshold ROP not progressing to threshold were compared to those developing threshold using univariate analyses with w 2 with Yates' correction or Fisher's exact tests as appropriate for categorical variables, and the independent samples t-test or Mann-Whitney U test for continuous variables.
Multivariable logistic regression modeling. Selected risk factors were designated a priori as high priority for regression modeling, to test study hypotheses while adjusting for factors found to be significant in previous large trials. 21, 24, 25 This First Priority Group was intentionally limited to eight factors to reduce risk of overfitting the model to the data set, 26 and included gestational age, birth weight, STOP ROP treatment group, vessels in zone 1 at first ROP diagnosis, chronological age at first prethreshold diagnosis, plus disease present at first prethreshold diagnosis and two factors testing study hypotheses (SNAP28, cumulative fluctuation from the first 28 days of life). These factors were tested using backward selection with a significance level of P ¼ 0.05. Other potentially important risk factors were designated a priori to have lower likelihood of association with outcome. This larger Second Priority Group was not limited to a specified number of covariates. However, to avoid overfitting, its variables were tested at P ¼ 0.01.
All associations were described using odds ratios (OR) with confidence intervals (CI). Model discrimination was measured using ROC curve areas. 27 Alternative models with and without adjustment for cumulative illness severity and fluctuation of illness severity were compared directly using the drop-in-deviance w 2 , and by comparison of ROC curve areas. 28 We repeated regression modeling without inclusion of infants with prethreshold ROP who were lost to follow-up before definitive ophthalmic outcome, to ascertain the impact of these infants upon results.
Results
Two hundred and fifty-one infants were admitted to the participating hospitals during the study period and developed prethreshold ROP in at least one eye. Of these, 24 did not meet all inclusion criteria and were excluded: 17 admitted after the first day of life, 1 discharged before day 28 and 6 missing large portions of their medical record. Threshold ROP developed without a preceding prethreshold diagnosis in 18, who were also excluded. For the remaining 209 infants, prethreshold ROP was diagnosed in at least one eye, with no threshold ROP in either eye at the time of first diagnosis of prethreshold disease. This group of 209 infants constituted the cohort used for this analysis.
The 18 infants with threshold ROP who were excluded were not detectably different from the 209 infants in the study cohort as a whole with respect to birth weight, gestational age, gender, race, SNAP score on first day of life, cumulative neonatal SNAP scores, or occurrence of examined diagnoses and interventions. Excluded infants were slightly more mature at the time of first retina exam than were infants with prethreshold ROP progressing to threshold (median postmenstrual age (PMA) ¼ 31.1 versus 31.0 weeks, P ¼ 0.067) and were clearly more mature at first diagnosis of ROP (PMA ¼ 34.5 weeks versus 32.9 weeks, P<0.001). The latter was due to different chronological ages at first diagnosis of ROP (64 days versus 56 days, P ¼ 0.001), rather than different gestational ages at birth. ROP was diagnosed in zone 1 more frequently in excluded infants, but this difference was not statistically significant.
Among the 209 infants included in the study cohort, prethreshold ROP was first diagnosed in the right eye in 50 infants, in the left eye in 29 infants and bilaterally in 130 infants. For the group with bilateral prethreshold at first diagnosis, random selection designated 67 right eyes and 63 left eyes for analysis. Analyses were thus performed on 209 independent eyes with prethreshold ROP. Threshold ROP developed in 79.
Univariate analysis
Subjects who progressed to threshold ROP did not differ from those without progression with respect to gender, race, antenatal steroid exposure, route of delivery, incidence of multiple gestation or first day SNAP score. Infants progressing to threshold had significantly lower birth weights (median 710 g versus 740 g, P ¼ 0.02, Mann-Whitney U) and shorter gestations (25 weeks versus 25.6 weeks, P ¼ 0.003). Ten (13%) were black race among infants progressing to threshold, 21 (16%) among those not developing threshold (NS). Regarding diagnoses and interventions in the first 28 days of life (Table 2) , infants with threshold were more likely to require ductus arteriosus ligation. They received larger volumes of transfused red blood cells, and more days on mechanical ventilator. We did not detect a difference with respect to frequency or severity of intraventricular hemorrhage, days parenteral nutrition, or exposure to systemic steroids (dexamethasone or hydrocortisone) in the first 28 days. All received 1 to 4 doses of exogenous surfactant for respiratory distress syndrome.
Illness severity data during the first 28 days of life are shown in Figure 1 . For the whole cohort, median SNAP28 was 229 (range 83 to 458). Those progressing versus not progressing to threshold ROP had similar cumulative SNAP scores for the first 7 days of life, but those progressing to threshold had significantly higher scores thereafter. Median SNAP28 for the threshold group was 248 (interquartile range 192, 311) compared to 222 (180, 258) for those not progressing to threshold (P ¼ 0.004, Mann-Whitney U). for the threshold group compared to 91 (75, 106) for those not progressing to threshold (P ¼ 0.09). At first diagnosis of prethreshold ROP, infants progressing to threshold were more likely than those not progressing to be on supplemental oxygen (55 (70%) versus 62 (48%), P ¼ 0.003, w 2 ) and mechanical ventilation (11 (14%) versus 6 (5%), P ¼ 0.03). We did not detect differences between the two groups with regard to receipt of systemic steroids or general anesthesia before prethreshold, or occurrence of necrotizing enterocolitis, bacterial sepsis/meningitis or fungal sepsis before prethreshold.. Thirty-nine infants (19%) in the study cohort were enrolled in the STOP ROP trial. There was no detectable difference in enrollment status or treatment group assignment between those progressing versus not progressing to threshold.
Ophthalmic characteristics at first prethreshold diagnosis are compared in Table 3 for eyes that did versus did not progress to threshold ROP. Prethreshold ROP was first diagnosed at between 37 and 176 days of age, and followed completion of the cumulative neonatal illness severity scoring period in all cases. Eyes progressing to threshold were diagnosed with ROP and with prethreshold ROP at earlier postmenstrual ages than eyes that did not progress to threshold. At first prethreshold diagnosis, eyes progressing to threshold ROP were more likely to have prethreshold ROP in the contralateral eye and were much more likely to have plus disease present at first prethreshold diagnosis. The two groups did not differ with respect to chronological age at the time of first examination, chronological age at first ROP diagnosis or proportion of zone 1 ROP or stage 3 ROP at first prethreshold diagnosis.
Multivariable logistic regression modeling
The risk assessment model based on a priori selected factors is shown in Table 4 . Gestational age, the presence of plus disease at first prethreshold diagnosis and chronological age at prethreshold diagnosis were significantly associated with progression to threshold. The ROC curve area for a model based on these three factors was 0.77 (95% CI 0.71, 0.83). After adjusting for these factors, cumulative illness severity as measured with SNAP28 was significantly associated with progression of ROP from prethreshold to threshold. Each increase of one point in average Abbreviations: CI, confidence intervals; OR, odds ratios; ROP, retinopathy of prematurity; SNAP, scores for neonatal acute physiology. N ¼ 209, with 79 threshold eyes. Second Priority Group factors tested: gender, black race, presence of grade 3 or 4 intraventricular hemorrhage (IVH) or cerebral white matter damage, presence of clinically significant patent ductus arteriosus (PDA), total volume of enteral feeds in first 28 days, days of mechanical ventilation in first 28 days, chronological age at first ROP diagnosis, interval in days between first ROP diagnosis and first prethreshold diagnosis, stage 3 ROP present at first prethreshold diagnosis, bilateral prethreshold ROP present at first prethreshold diagnosis, presence of necrotizing enterocolitis (NEC)Xstage 2 by Bell's criteria 42 before prethreshold diagnosis, any sepsis or meningitis before prethreshold diagnosis, any fungal sepsis before prethreshold diagnosis, on supplemental oxygen at diagnosis of prethreshold, or on mechanical ventilation at diagnosis of prethreshold.
daily SNAP score for the first 28 days increased odds of developing threshold by 15.9%. However, addition of SNAP28 to the regression model increased its ROC curve area insignificantly, from 0.77 to 0.78 (NS).
After adjusting for the factors in this model, fluctuation of illness severity scores in the first 28 days of life was not significantly associated with progression to threshold. None of the Second Priority Group factors was significant at P ¼ 0.01 or P ¼ 0.05. There were trends toward association between progression to threshold ROP and fungal sepsis before prethreshold (P ¼ 0.08) and requirement for mechanical ventilation at the time of prethreshold diagnosis (P ¼ 0.06).
Regression modeling was repeated, excluding eyes lost to followup before developing a definitive retinal outcome. Nineteen infants developed prethreshold ROP and had neither threshold ROP nor significant improvement in retinal findings at the time of last documented examination. In addition, 28 subjects with prethreshold ROP showed regression to less than prethreshold severity on two consecutive examinations at least 1 week apart, but at the time of last examination had ROP in zone 2. Replication of regression modeling while excluding these infants resulted in no change in the significant factors in the model in Table 4 . No Second Priority Group covariates were retained. Estimated relationships between significant risk factors and outcome differed minimally. When logistic regression analysis was repeated including the 18 infants diagnosed with threshold ROP without a preceding diagnosis of prethreshold ROP, significant variables were not changed. The association between presence of plus disease at first diagnosis prethreshold/threshold and progression to threshold was strengthened (OR increased from 4.8 to 5.7, P<0.001 in both cases). The adjusted estimate of relationship between cumulative SNAP score and progression to threshold was not changed dramatically (OR increased from 1.159 with P ¼ 0.03 to 1.161, P ¼ 0.028). ROC curve area remained 0.78, not significantly changed.
Discussion
Enhancements to existing risk models for development or progression of ROP could improve patient selection and thereby the efficiency and safety of research into mechanisms and treatments of ROP. This study demonstrates that cumulative neonatal illness severity, measured with daily SNAP scores from the first 28 days of life, was significantly and independently associated with subsequent progression of moderate to severe ROP. However, the addition of this measure of cumulative illness severity did not significantly enhance the performance of a risk model in discriminating between eyes that did or did not subsequently progress to severe ROP. A fluctuating clinical course, as reflected by cumulative change in daily SNAP scores, was not significantly associated with subsequent progression to threshold.
Mattia et al. 19, 20 reported an association between cumulative illness severity and neurodevelopmental outcome in premature infants p30 weeks gestation at birth. Those in the highest quartile for cumulative SNAP score from their entire newborn hospitalization were more likely to have abnormal gross motor and psychomotor development at 2 to 3 years and 4 to 5 years of age than infants with a less severe hospital course. Cumulative SNAP score was a stronger risk factor for neurodevelopmental impairment than was gestational age or grade of intraventricular hemorrhage. These results suggest that objective measurement of sustained physiological instability with cumulative illness severity scoring may be useful in assessing neonatal risk for lasting deleterious effects on developing organ systems. This was not true when examining progression to severe ROP using a 28-day cumulative score, however, as the gain in model performance contributed by SNAP28 was modest. Simpler clinical variables appeared to function as well, either because they are adequate proxies for neonatal illness severity or because they are more specifically associated with progression of ROP.
Fluctuation of SNAP scores was not a significant risk factor for progression to threshold in this study. Fluctuation in clinical status as assessed with daily illness severity scores captured change occurring from one 24-h period to the next. It is possible that fluctuations occurring over much shorter periods of time or in clinical factors not captured by SNAP scores may be more pertinent to progression of ROP. Short periods of hyperoxemia or hypoxemia, for example, may influence the risk for progressive ROP, 10 ,29 yet would not be reflected in changes of daily SNAP scores.
Normal retinal vessel development is stimulated by production of vascular endothelial growth factor (VEGF) in the avascular retina, with insulin-like growth factor-1 (IGF-1) playing a permissive role. 30 Following premature birth, IGF-1 level may fall in response to many factors, halting vessel development. 3, 31 Because IGF-1 is expressed by many organs and tissues, serum levels may be depressed by numerous factors adversely affecting tissue health, including acidosis and poor nutrition. 3, 31 Thus, low IGF-1 levels in premature infants may be a marker for severe clinical illness. The cumulative illness severity data collected for this study correspond to the reported period during which IGF-1 levels may be low. Babies with higher cumulative neonatal illness severity may be at higher risk for depression of serum IGF-1, hyperoxia and VEGF overproduction, increasing the risk of abnormal retinal development. Further exploration of the relationship between illness severity and growth factors affecting retinal development is warranted.
The Early Treatment for ROP (ETROP) study 32 used estimated risk of progression from prethreshold to poor retinal structural outcome to guide treatment, using the risk management of retinopathy of prematurity (RM-ROP2) model derived with data from the Multicenter Trial of Cryotherapy for Retinopathy of Prematurity Study. 33 The ETROP study generally corroborated RM-ROP2 risk estimates, demonstrating improved structural and functional outcomes in the early treatment group. However, the study authors estimated that early treatment based on the RM-ROP2 risk estimates alone would have resulted in the unnecessary treatment of 37% of high-risk prethreshold eyes that would have regressed without reaching threshold. 32 Continued refinement of ROP risk models is therefore warranted. Future studies may test improvements in the precision of predicting ROP progression associated with other potential risk factors such as cumulative oxygen exposure and oxygenation lability, biochemical markers such as VEGF and serum IGF-1 level, or proteomic or genomic factors.
Several studies have found that black race is protective against progression to threshold. 21, 34, 35 Lower rates of severe ROP in black infants may be due to milder illness severity in black infants compared to nonblack infants of otherwise apparently equal risk for severe eye disease. 36 , 37 The results of the current study do not confirm this speculation. Black infants trended toward higher admission SNAP scores than nonblacks (P ¼ 0.056, data not shown), but the two groups were not different with respect to cumulative SNAP score in the first 28 days of life. Analysis of cumulative illness severity in a cohort where black race is found to be associated with risk of severe ROP might clarify this issue further.
This study could not confirm a strong independent relationship between fungal sepsis and progression from prethreshold to threshold ROP after adjusting for the model in Table 4 . It is possible that the small number of infants with fungemia in our cohort prevented detection of a real relationship between this condition and progression to severe ROP. However, it is also possible that fungal sepsis served as a non-specific marker for sustained severe illness in studies reporting an association between fungemia and ROP, [38] [39] [40] [41] with cumulative illness severity adjusting for this risk in this study.
In summary, cumulative illness severity during the neonatal period, as measured with daily SNAP scores, is an independent risk factor for progression from moderate ROP to severe ROP. However, after adjusting for other clinical factors, measures of neonatal cumulative illness severity and fluctuation of illness severity do not significantly enhance the performance of a risk assessment model for ROP progression. Continued improvement of currently available models assessing risk for progressive ROP is warranted.
